In this paper, distinctive indium-tin-oxide ͑ITO͒ nanorods are employed to serve as buried electrodes for polymer-based solar cells. The embedded nanoelectrodes allow three-dimensional conducting pathways for low-mobility holes, offering a highly scaffolded cell architecture in addition to bulk heterojunctions. As a result, the power conversion efficiency of a polymer cell with ITO nanoelectrodes is increased to about 3.4% and 4.4% under one-sun and five-sun illumination conditions, respectively, representing an enhancement factor of up to ϳ10% and 36% compared to a conventional counterpart. Also, the corresponding device lifetime is prolonged twice as much to about 110 min under five-sun illumination. © 2010 American Institute of Physics. ͓doi:10.1063/1.3395395͔
Worldwide awareness of petroleum scarcity and global climate changes has promoted an increasing demand for clean and renewable energy sources, pushing forward the realization of third-generation solar cells. 1 Assisted by simplistic and scalable fabrication processes, organic solar cells have recently emerged as a competitive alternative to their silicon thin-film counterparts. In particular, the power conversion efficiency ͑PCE͒ of polymer-based solar cells has recently exceeded 5% due to the introduction of bulk heterojunctions ͑BHJs͒. [2] [3] [4] [5] However, due to the disordered nature of BHJs, carrier transport remains an issue that limits the PCE from reaching the predicted value of 10%. [6] [7] [8] Although recent advances in nanofabrication technologies have allowed the formation of ordered BHJs, offering bicontinuous, interdigitated networks for carrier transport, 9-11 the nanoscale templates still result in limited PCEs, possibly due to insufficient infiltration of polymers or twisted polymer chains that may affect the carrier mobility. 12, 13 Here, we introduce an alternative cell architecture which alleviates the transport issue by using embedded indium tin oxide ͑ITO͒ nanoelectrodes in polymer-based solar cells. In this architecture, the distributed nanorod electrodes are vertically aligned and protruded into the active layers, offering threedimensional ͑3D͒ conducting pathways for low-mobility holes. Conductive atomic force microscopy ͑AFM͒ analyses have shown that the current conduction is significantly improved with nanorod electrodes. As a result, the PCE of a cell with ITO nanoelectrodes is increased to about 3.4% and 4.4% under one-sun ͑1ϫ͒ and five-sun ͑5ϫ͒ illumination conditions, respectively, representing an enhancement factor of up to ϳ10% and 36% compared to a conventional counterpart. Also, the corresponding device lifetime, as measured by the degradation time to 80% of the normalized efficiency, is increased twofold to about 110 min under five-sun illumination. The significant efficiency and lifetime enhancements result from the much improved carrier collection probability under high carrier concentrations, suggesting the soundness of the approach toward improving the survivability of polymer-based solar cells.
Although the concept of buried electrodes has previously been proposed to increase cell thickness for optical absorption without compromising charge carrier collection, polymer solar cells with submicroscale lamellar electrodes are still rather inefficient due to the lack of suitable electrode materials and challenging fabrication procedures.
14 In this work, we demonstrate a deposition technique to form freestanding ITO nanorods which is compatible with the standard fabrication process of polymer cells. Figure 1 shows the schematic of a fabricated device with embedded nanoelectrodes. In this cell structure, the randomly oriented nanorod electrodes were deposited on an ITO-coated glass substrate using an oblique electron-beam evaporation method. 15, 16 A hole transport layer of poly͑3,4-ethylenedioxythiophene͒-polystyrene sulfonate ͑PEDOT:PSS͒ was then spin-cast onto the ITO electrodes as the anode. The active region consisted of a mixture of regioregular poly͑3-hexylthiophene͒ ͑P3HT͒ and ͓6,6͔-phenyl-C60-butyric acid methyl ester ͑PCBM͒ with a weight ratio of 1:1. The device was then annealed at 120°C for 30 min, followed by the thermal evaporation of a 100 nm thick Al electrode. The resulting active-layer thicknesses were ϳ150-200 nm. A conventional P3HT/PCBM cell with an ITO film electrode was also fabricated with the same process conditions for reference. The oblique electron-beam evaporation technique has been used to prepare microscale and nanoscale porous materials based on nucleation formation and self-shadowing effects. [17] [18] [19] Although various techniques have been proposed to grow ITO nanostructures, few have actually resulted in free-standing nanorods with high-aspect ratios. [20] [21] [22] In this work, a small nitrogen flow rate is introduced to facilitate the segregation of tin-doped indium during nucleation, which promotes the resulting column growth in an oxygen-deficient environment. The scanning electron micrographs ͑SEMs͒ for a tilted top view and the cross-sectional view of deposited nanorods are shown in Figs. 2͑a͒ and 2͑b͒, respectively. The deposited nanorods are randomly oriented with heights of ϳ100 to 150 nm and thicknesses of ϳ15 to 30 nm. The density can vary from 5 ϫ 10 9 to 2 ϫ 10 10 cm −2 , depending on the deposition rate and temperature. These nanorods can be grown in a single-step deposition, up to an area of 3 ϫ 3 cm 2 . As seen in Fig. 2͑c͒ , the transmission electron microscopic ͑TEM͒ image indicates that the spacing between rods is on the order of tens of nanometers, which is sufficient for the infiltration of the spin-cast active materials. The TEM image of a single rod, shown in Fig. 2͑d͒ , further reveals a composition variation in the transverse direction. Our previous work has confirmed the core-shell structure observed in a relatively thick ITO nanorod, where the structure of the outer shell is relatively amorphous due to a higher tin content than that in the core region. The structure in Fig. 2͑d͒ suggests the initial stage of crystallization toward the rod center. The growth mechanism presumably involves self-catalyst, vaporliquid-solid phase transitions assisted by the introduced nitrogen. As opposed to conventional growths of ITO in an oxygen-rich environment, nitrogen facilitates the segregation of tin-doped indium during nucleation due to oxygen deficiency. The increased tin content then lowers the melting point of tin-doped indium. As a result, when the substrate temperature becomes higher than the melting point of tindoped indium, the liquid-phase nucleation cores have a large accommodation coefficient to promote the absorption of indium-oxide and tin-oxide vapors via surface diffusion. This process can lead to high growth rates in specific directions, resulting in randomly oriented nanorods.
The optical transmittance spectroscopy of ITO nanorods deposited on an ITO glass substrate shows a 10-20 nm wavelength shift in the peak transmittance without degradation in magnitudes compared to that of an ITO glass substrate. 23 The contribution to the enhanced optical absorption due to slight differences in the transmittance spectrum is therefore negligible. Since cell characteristics may be primarily determined by electrically-related effects, conductive AFM is employed to study the nanoscale topology and the corresponding current distribution. The measured height image and projected current distribution of an ITO glass substrate scanned within an area of 1 ϫ 1 m 2 are shown in Fig.  3͑a͒ . In Fig. 3͑b͒ , the two-dimensional ͑2D͒ topology is overlaid with a map of iso-current contours at a threshold of 34.1 nA. The results for the deposited nanorods on an ITO glass substrate are shown in Figs. 3͑c͒ and 3͑d͒ , where the maximum conduction current is as high as 113.7 nA. Since the area scan is performed at a fixed voltage of 10 mV for both samples, the dense and uniformly distributed current spots shown in Fig. 3͑d͒ confirm a conductivity improvement with nanorod electrodes. Moreover, the current distribution is particularly concentrated around the nanorod tips, suggesting a relatively high carrier collection probability near the tips. Such embedded electrodes allow distributed conducting pathways for low-mobility holes, offering a highlyscaffolded cell architecture, in addition to BHJs, for organic photovoltaic devices. The inhomogeneous drift-field distribution in this device may arguably contribute to the germinate separation compared to conventional BHJ cells, which requires further investigation.
Solar cells with embedded ITO nanoelectrodes were characterized under ambient conditions with standard illumination intensities of air mass 1.5, 100 mW cm −2 ͑one-sun, 1ϫ͒ and 500 mW cm −2 ͑five-sun, 5ϫ͒, and also compared to conventional cells fabricated with the same process conditions. Hereafter, we refer to the cell with nanorod elec- trodes as the rod cell, and the one with an ITO film electrode as the film cell. The measured current density-voltage ͑J-V͒ characteristics are plotted in Fig. 4͑a͒ for one-sun and fivesun conditions with the corresponding cell characteristics summarized in Table I . The series and shunt resistance are calculated as the inverse slopes at the open-circuit and shortcircuit operation points, respectively. 24 As shown in Table I , the one-sun photocurrent of the rod cell increases by ϳ14%, compared to that of the film cell. Since the transmittance and cell thickness does not change significantly with the use of embedded electrodes and the series resistance decreases by ϳ38%, the enhancement of photocurrent and the reduced series resistance are attributed to the improved carrier collection probability using embedded nanoelectrodes. The fillfactor ͑FF͒ of the rod cell deteriorates a bit due to a slight degradation of the shunt resistance, possibly originating from a few nanoelectrodes in near contact with the Al cathode. Although not revealed in the preliminary x-ray diffraction analysis, the phase separation of P3HT/PCBM blends may also be affected by nanorod surfaces, which could deteriorate the series and shunt resistance. Overall, the PCE of the rod cell is still enhanced by nearly 10% at one-sun illumination. However, the PCE enhancement becomes prominent with the increased illumination intensity, up to a factor of 36% for the rod cell at a 5ϫ concentration. Since the PCE of both film and rod cells increases with concentration, the enhancement is partly contributed by improved space-charge-limited conduction. Since most of the trap states are occupied due to increased carrier densities under high illumination, the mobility of free carriers increases. However, such contribution should be rather minor as the PCE of the film cell merely increases by 4%. Therefore, we are convinced that the embedded nanoelectrodes can collect holes much more efficiently than the film electrodes under high carrier densities, giving rise to a higher PCE enhancement. Both film and rod cells show decreased FFs due to the increased recombination current under high carrier densities, which are also evidenced by the decreased shunt resistance at a 5ϫ concentration. Finally, the lifetime test was performed for both cells at ambient conditions. As shown in Fig. 4͑b͒ , the degradation time to 80% of the normalized efficiency for the rod cell is prolonged twice as much to about 110 min, compared to 55 min for the film cell. The enhanced lifetime of the rod cell may be attributed to the fast collection of charge carriers, which alleviates the impact of charge accumulation on the electrode interface. 
